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Abstract Based on the concept of independent stress state variables to consider the impact of unsaturated
conditions, an elasto-plastic critical state constitutive model for saturated and unsaturated interfaces is
introduced in this paper. The proposedmodel is capable of predictingmany characteristics of unsaturated
interface behavior, such as the dependence of initial tangent modulus, peak shear stress, dilatancy, and
ultimate strength onmatric suction, net normal stress, and the interface statemeasuredwith respect to the
critical state line. To this aim, two distinct yield mechanisms are employed in the model. While change
in stress ratio generates plastic deformation in the first mechanism, plastic deformations are due to an
increase in net normal stress, decrease in matric suction, or both, in the second mechanism. The presence
of appropriate state dependent ingredients enables the model to provide realistic predictions over a wide
range of variations of density, net normal stress, and matric suction. By direct comparison of the model
predictions with experimental data, the predictive capacity of the proposed model is evaluated.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY license.1. Introduction
Wherever structural elements are in contact with soil
mass, stresses transfer between two media (soil and structure)
through a very thin contact zone, technically called the
soil–structure interface [1–9]. If soil mass is in an unsaturated
state (i.e., voids between grains are not fully filled with
either air or water), the above-mentioned thin contact zone
is called the unsaturated interface [7,10]. The mechanical
behavior of soil–structure interfaces is an influential factor
in the load-deformation and bearing capacity of geotechnical
engineering structures, like retaining walls, reinforced soils,
and the piles skin resistance [4,6,11,12]. Previous investigations
have revealed that the mechanical behavior of interfaces is
affected by a number of factors, including density [1–3,8],
normal stress [2–6], degree of saturation [7,10], normalized
roughness [2,9], and the normal stiffness condition imposed by
the structure [1–5], as well asmineralogy and soil gradation [2].
The massive expansion of our knowledge on the mechanical
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doi:10.1016/j.scient.2012.06.025behavior of interfaces has led to remarkable advances in
the field of constitutive modeling of soil–structure interfaces.
Among recent works, Navayogarajah et al. [13] and Hu and
Pu [6] suggested interface models based on the disturbed state
theory. Shahrour and Rezaie [8] proposed a bounding surface
plasticitymodel for interfaces subjected to cyclic shear. Ghionna
and Mortara [5] suggested an elasto-plastic interface model
with two Cam-Clay type constitutive surfaces. Liu et al. [14] and
Lashkari [15] considered the state dependency of interfaces in
generalized plasticity and bounding surface frameworks.
In arid or semi-arid regions, unsaturated interfaces are com-
mon in engineering problems, such as retaining structures and
reinforced soils with unsaturated backfill or piles embedded in
partially saturated strata. A limitednumber of studies have been
reported in the literature on the influence of partial saturation
on the behavior of reinforced soils and the bearing capacity of
shallow and deep foundations [16–18]. Studies have indicated
that matric suction due to the partial saturation may drasti-
cally affect the engineering behavior of soils [19–25]. As a result,
experimental investigation into themechanical behavior of un-
saturated interfaces and subsequent development of new con-
stitutive models for them seems to be inevitable. Recently,
Miller and Hamid [7] studied the behavior of unsaturated inter-
faces using an improved direct shear apparatus. Later, Hamid
and Miller [10] introduced modifications to the platform of
Navayogarajah et al. [13], and suggested the first constitutive
model especially developed for unsaturated interfaces.
evier B.V. Open access under CC BY license.
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model originally for the state dependent behavior of cohesion-
less soils. Since then, this platform has been developed and ap-
plied to various problems. Among them, Li [27] improved this
model for cyclic shearing and unrecoverable strains due to the
increase in mean principal effective stress. Chiu and Ng [28]
extended the model of Li and Dafalias [26] to include both
saturated and unsaturated states. Recently, Lashkari [15] pro-
posed a sand-structure interface model, essentially based on
the framework of Li and Dafalias [26]. In this paper, by modify-
ing the model of [15], a critical state compatible elasto-plastic
interface model for both saturated and unsaturated interfaces
is presented. Using the two independent stress variables con-
cept [19–22], the modified model is capable of considering the
influence of partial saturation on interface behavior. The pre-
dictive capacity of the interfacemodel is verified by direct com-
parison of its predictions with experimental data on interfaces
under both dry and unsaturated conditions. It has been shown
that the proposed model provides a unified frame to study the
volume change and stress-displacement response of the same
interfaces with different densities, normal stress levels, and de-
grees of saturation, using a unique set of parameters.
2. Main concepts and basic terms
The nonlinear behavior of granular soils is generally
governed by their states, measured with respect to the critical
state line [24,26]. For soil–structure interfaces, mechanical
behavior depends on the interface state (e.g., [2,3]), as well
as normalized roughness (e.g., [4,9]), and the normal stiffness
imposed by the structure (e.g., [3,5]). Besides, at the initial
stage of shearing, deformation within the interface zone is
homogenous. As the relative tangential displacement proceeds,
strong localization occurs and the steady state of shearing
takes place in the interface zone [2,3,5]. As a result, some
researchers have suggested that the dilation of interfaces
is due to two independent, but simultaneous, mechanisms.
Initially, homogenous interfaces contract mainly normal to
the interface plane, but subsequent dilation overcomes as a
result of localizations [2,3,5]. A proper interface constitutive
model should take into account the influence of the mentioned
phenomena in the simulated response of interfaces.
2.1. State variables
The concept of independent stress state variables [19–22]
for unsaturated geomaterials is adopted here. According to
this concept, in the most general case, the state of stress in
unsaturated geomaterials is indicated by the triad,σnet−s−τ , in
which σnet, s, and τ are, respectively, net normal stress, matric
suction and tangential stress. Geomaterials aremostly classified
as porous media. In such media, porosity may change due to
hydro-mechanical phenomena. As a consequence, another state
variable indicating the instantaneous value of porosity must
be introduced. Herein, specific volume, v, undertakes the role
of the latter state variable. In this study, the employed state
variables are:
σnet = σn − ua,
τ ,
s = ua − uw,
v = 1+ e,
(1)where σn, ua, uw and e are, respectively, introduced as normal
stress, pore air pressure, pore water pressure, and current value
of void ratio. The inclusion of specific volume in conjunction
with critical state soil mechanics concepts enables the interface
model to describe the mechanical volume change response of
interfaces over a wide range of density, suction, and net normal
stress values.
A number of comments regarding the basic assumptions are
presented in the conclusions.
2.2. Equivalent average strains
Interface constitutivemodels relate the rate of displacement
vector to the rate of the applied stress vector. Herein, H
and V are, respectively, the tangential and normal relative
displacements measured with respect to the interface plane.
From a micromechanical view point, interfaces are thin zones
with localized strains [2–4]. To simplify the analysis, it is
assumed that strains are uniformly distributed within the
interface zone. By applying this assumption, the average normal
strain (εn) and the average tangential strain (εt ) are calculated
by:
εn = V/t; εt = H/t, (2)
where term t indicates the interface thickness, which is 5
to 20 times the size of the mean grains diameter according
to experimental evidence reported in the literature (e.g.,
[1,2,4,6,7,29]).
3. The model formulation
3.1. Strain rates decomposition
Within the incremental elasto-plasticity theory, each strain
rate is decomposed into the elastic and plastic portions asso-
ciated, respectively, with the ‘‘recoverable’’ and ‘‘irrecoverable’’
displacements. Herein, it is assumed that the plastic strains
are emerged as a result of shearing and compression mech-
anisms (e.g., [27,28,30–32]). Thus, the normal and tangential
strain rates are decomposed as:
ε˙n = ε˙en + ε˙pn = ε˙en + ε˙pns + ε˙pnc,
ε˙t = ε˙et + ε˙pt = ε˙et + ε˙pts + ε˙ptc,
(3)
where superscripts ‘‘e’’ and ‘‘p’’ stand, respectively, for the
elastic and plastic parts of strain rates, respectively. Subscripts
‘‘s’’ and ‘‘c ’’ indicate the plastic strain rates as a result of shearing
and compression yielding mechanisms.
3.2. Elasticity
To predict the elastic response of soil–structure interfaces,
the normal and tangential elasticmoduli should be determined.
There are different approaches in the literature for the
elastic moduli of unsaturated geomaterials (e.g., [24,28,30,32]).
Herein, and inspired by the elastic moduli in the Cambridge
family of constitutive models (like the Cam-Clay model), the
elastic normal (K en ), and tangential (K
e
t )moduli are, respectively,
defined through the following relationships:
K en = αn[σnet + sϖ(Sr)]v =
σnet + sϖ(Sr)
κ
v,
K et = αt [σnet + sϖ(Sr)]v,
(4)
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are scaling normal and tangential elastic moduli as functions
of net normal stress, matric suction, degree of saturation (Sr ),
and specific volume. Considering the similarity between the
elastic normal modulus in Eq. (4) and the elastic bulk modulus
in the Cam-Clay model, αn was replaced by κ(=1/αn) whose
physical meaning is the slope of the unloading-reloading line in
the v − ln σnet plane. Now, the incremental elastic response of
unsaturated sand-structure interfaces can be defined by [28]:
ε˙en =
d(σnet + sϖ(Sr))
K en
=
κ

σ˙net +ϖ(Sr)s˙+ s ∂ϖ(Sr )∂Sr S˙r

(σnet + sϖ(Sr))v ,
ε˙et =
τ˙
K et
,
(5)
where function ϖ(Sr) considers the influence of the degree of
saturation (Sr ) on the elastic response through the following
definition [33]:
ϖ(Sr) =

Sr − Sr0

1− Sr0
. (6)
In Eq. (6), ⟨⟩ are Macualey brackets. For a typical scalar
x, ⟨x⟩ = x, when x > 0, and zero otherwise. Sr0 is the degree of
saturation corresponding to residual suction in the soil–water
characteristic curve.
3.3. Yield functions
It is assumed that two distinct mechanisms may lead to
yielding and plastic displacements:
(1) A shearing mechanism activated by the change in stress
ratio;
(2) A compression mechanism defined by a Load-Collapse(LC)
curve for plastic strains, due to the change in suction and/or
net normal stress.
For the first mechanism, a wedge shaped yield function is
adopted [27,28]:
fs = τ − η

σnet + µ(s)M(s)

= 0, (7)
where M(s) and µ(s) are, respectively, the slope and intercept
of the first yield function in the τ − σnet plane (see Figure 1(a)).
According to Uesugi and Kishida [9], M(s) is highly influenced
by the normalized roughness of the structure surface. For very
rough interfaces, M(s) ≈ tanφ′cs(s) where φ′cs(s) is the critical
state friction angle of soil. When normalized roughness is
less than a certain threshold, M(s) decreases linearly with a
decrease in structure roughness. In Eq. (7), η, the so-called stress
ratio, is a hardening parameter, which indicates the first yield
function opening.
The second yield function, in the shape of a vertical cut-off in
the τ −σnet plane (see Figure 1(a)) and a LC curve in the s−σnet
plane (see Figure 1(b)), is defined as a plasticmechanism,which
may be activated as a consequence of the increase in net normal
stress, reduction of suction, or both:
fc = σnet(s)− σ0(s) = 0, (8)
where σ0(s) is the yielding net stress at suction s (see
Figure 1(b)). Moreover, the second yield function must also beFigure 1: Themodel yield functions. (a) Shear and compression yield functions
in τ − σnet plane; (b) compression yield function (LC yield curve) in s − σnet
plane.
introduced in the v−σnet plane. According to Alonso et al. [30],
a family of isotropic normal compression lines is defined by:
v = N(s)− λ(s) ln

σnet(s)
patm

, (9)
where λ(s) and N(s) are the gradient and the intercept of the
normal compression line in the v − ln σnet(s) plane. patm is
the atmosphere pressure (= 101 kPa), which plays the role
of normalizing pressure. The application of Eqs. (5), (6) and
(9) with some ordinary mathematical operations leads to the
following relationship for the LC curve, which is the projection
of the compression mechanism on the σnet − s plane (see
Figure 1(b) and [28,30]):
(λ(0)− κ) ln

σ0(0)
patm

= N(0)− N(s)+ λ(s) ln

σ0(s)
patm

− κ

σ0(s)+ sH(Sr)
patm

, (10)
where N(0) and λ(0) are the values of N(s) and λ(s) at zero
suction.
3.4. Plastic strain rates
According to the elasto-plasticity theory, plastic strains are
calculated by:
ε˙pqs = ⟨Λs⟩ ; ε˙pvs = ε˙pqs ds,
ε˙pqc = ⟨Λc⟩ ; ε˙pvc = ε˙pqc dc .
(11)
In the above equations, Λs and ds are, respectively, the
loading index and dilatancy function associated with the shear
(the first) plastic mechanism. Similarly, Λc and dc are the
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(the second) plastic mechanism. It is observed that each
loading index indicates the magnitude of plastic strain rate in
the corresponding yielding mechanism. The extended Li and
Dafalias [26] dilatancy rules suggested by Chiu and Ng [28] are
adopted here:
ds = ε˙
p
vs
ε˙
p
qs
= d1(s)

em(s)ψ(s) − η
M(s)

, (12a)
dc = ε˙
p
vc
ε˙
p
qc
= d2(s) (λ(s)− κ) M(s)
η
. (12b)
In the above equations, m(s), and d2(s) are the model pa-
rameters. ψ(s) is the state parameter of Been and Jefferies [34],
which is generalized through the following relationship to
cover both saturated and unsaturated states:
ψ(s) = v − vc(s) = v −

Γ (s)− ω(s) ln

σnet
patm

, (13)
where vc(s)[= Γ (s)−ω(s) ln (σnet/patm)] is the critical specific
volume corresponding to the current value of σnet. In Eq. (13),
ω(s) and Γ (s) indicate the slope and intercept of the critical
state line in the vc(s)− ln σnet plane. The following relationship
for d1(s) is introduced here to enable Eq. (12a) for proper
simulation of the strong contraction observed in the volume
change behavior of interfaces immediately after shearing:
d1(s) = A0(s)

patm
σnet
+

A1(s)− A0(s)

patm
σnet

×

η
M(s)
en(s)ψ(s)

, (14)
where n(s), A0(s) and A1(s) are model parameters.
m(s) is a parameter that controls the amount of dilatancy
with the aid of the modified state parameter of Been and
Jefferies, ψ(s). Considering Eq. (12a), the amount of dilatancy
in the shearing mechanism becomes zero when ψ(s) =
ψ∗(s) = 1m(s) ln

η
M(s)

. For interface states withψ(s) > ψ∗(s),
one has ds > 0. In this case, the volume change response
of the interface associated with the shearing mechanism is
contractive. A similar logic for those interfaces with ψ(s) <
ψ∗(s), yields ds < 0 and a dilative response. The term, Mp =
M(s) exp(−n(s)ψ(s)), plays the role of the maximum (peak)
attainable tangential stress ratio. For interfaces in a dense state
(i.e., ψ(s) < 0), one has Mp > M(s). This implies that a peak
point exists in the tangential strength-horizontal displacement
response of dense interfaces. For interfaces in a loose state (i.e.,
ψ(s) > 0), andMp < Ms, as a consequence, thementioned peak
does not emerge in the strength behavior of loose interfaces.
3.5. Loading indices and plastic hardening moduli
In the elasto-plasticity theory (e.g., [15,26,27]) and in
the absence of coupling between the yielding mechanisms,
each loading index is calculated by imposing the consistency
condition to its corresponding yield function:
Λs = 1Kps

∂ fs
∂σnet
σ˙net + ∂ fs
∂τ
τ˙ + ∂ fs
∂s
s˙

,
Λc = 1Kpc

∂ fc
∂σnet
σ˙net + ∂ fc
∂s
s˙

,
(15)where, Kps and Kpc are, respectively, the plastic hardening
moduli associated with the shear, and the compression
mechanisms:
Kps = h0K et

M(s)e−n(s)ψ(s)
η
− 1

,
Kpc = vσ0(s)d2(s)M(s)
η
,
(16)
where h0 is a model parameter.
3.6. Air void ratio and specific water volume
For calculation of the variations of water content and degree
of saturation, specific water volume or air void ratio may
be included in the formulation of unsaturated geomaterials
constitutive models. In this study, a definition of Wheeler [31],
for the air void ratio is adopted:
ea = v − vw = A(s)− α(s) ln

σ0(0)
patm

, (17)
where ea is the air void ratio and vw(=1 + Sre) is the specific
water volume. A(s) and α(s) are the model parameters, and
σ0(0) is the value of σ0(s) at zero suction (see Figure 1(b)).
4. The model calibration
In total, the interface model has 14 parameters, which can
be determined using the straightforward methods described
in the following lines. It is interesting to note that in some
cases, depending on the degree of saturation and imposed
stress path (for example, see Sections 5.1 and 5.2), the model
may be applied to simulation of the mechanical behavior of
interfaces without the need for complete calibration of the
parameters. All model parameters are determined from the
results of constant normal stress, or constant normal stiffness
tests. In the following lines, a brief review on the calibration
procedure is presented.
αt and κ (Eq. (4)) are related to the elastic (small relative
displacement) response of soil–structure interfaces. αt can
be estimated by using data of the initial part of tangential
stress-tangential relative displacement curves obtained from
constant net normal stress or constant normal stiffness tests.
κ is the slope of unloading-reloading curves in the v −
ln σnet plane. M(s) and µ(s) in Eq. (7) are the slope and
the intercept of the critical state line illustrated in the τ −
σnet plane (see Figure 1(a)). Having the data of the critical
state line depicted in the v − ln σnet plane, Γ (s) and ω(s)
are, respectively, the intercept and the slope of the critical
state line (see Eq. (13)). Using the results of experiments that
reached critical state (zero volume change under constant net
normal stress, and tangential shear stress with further change
of tangential relative displacement [14]), one can determine
these parameters. Once the location of the critical state line
in the v − ln σnet plane is determined, m(s) and n(s) can
be calculated by using the data of the interface response at
phase transformation (when contraction turns into dilation),
and peak tangential strength. By considering the definition of
dilatancy in the shearing mechanism introduced in Eq. (12),
and recalling that the amount of dilatancy is zero at phase
transformation, one finds that m(s) = 1
ψ(s) ln (η/M(s)).
After calculation of m(s) for a number of tests, the average
value may be applied in simulations as m(s). Referring to
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Soil Mean diameter,
d50 (mm)
Uniformity
coefficient,Uc
Maximum void
ratio, emax
Minimumvoid
ratio, emin
Specific
gravity, Gs
Mineralogy Angularity
Yongdinghe sand 1.0 2.1 1.026 0.654 2.65 Quartz Angular
Ottawa sand 1.2 ≈1.8 1.014 0.673 2.70 Quartz Angularthe plastic hardening modulus in the shearing mechanism
given in Eq. (16), it is observed that the value of the plastic
hardening modulus becomes zero at peak tangential strength.
Considering this fact, one can calculate n(s) = −1
ψ(s) ln (η/M(s))
at the peak strength of some tests, and use the average in
simulations. A0 and A1 control the magnitude of dilatancy, as
caused by the shearing mechanism (see Eq. (12a)) under very
small and moderate to large tangential relative displacements,
respectively. By ignoring the small contribution of elastic
displacements, amount of dilatancy may be estimated by ratio
δV/δH (≈ ds) for small increments of tangential relative
displacements. At the early stage of shearing, when η ≈ 0, one
has ds = A0√patm/σnetem(s)ψ(s). Formoderate to large tangential
displacements, d1(s) ≈ A1 and, as a result, ds ≈ A1(em(s)ψ(s) −
η/M(s)). In Eq. (9), λ(s) andN(s) are the slope and the intercept
of a normal compression line measured in the v− ln σnet plane.
By the use of the dilatancy function for the second mechanism
suggested in Eq. (12b), d2(s) can be determined if the data
of normal displacement, tangential stress, and net normal
stress versus tangential relative displacement are available.
Having the data of constant stress ratio tests can facilitate this
procedure. It can be simply shown that one has τ˙ = ε˙t/(1/K et +
1/Kps)under constant net normal stress conditions. Considering
this relationship and the definition of the plastic hardening
modulus for the first plasticity mechanism in Eq. (16), one
can calculate h0 = {[(M(s)/η) exp(−nψ) − 1][K et (δεt/δτ) −
1]}−1. Finally, having the data of isotropic compression tests
conducted under different values of matric suction, one can
calculate A(s) and α(s), using Eqs. (9) and (17).
4.1. Suction dependent parameters
In general, mostmodel parameters, such asM(s), µ(s), λ(s),
N(s), ω(s),Γ (s), A0(s), A1(s), A(s), α(s),m(s), n(s), d1(s) and
d2(s), may change with variation of matric suction. It is suit-
able to use some interpolation functions to interpolate the val-
ues of these parameters for any given suction value in selected
domains of applicability. Among different suggestions in the lit-
erature, the following relationship is selected (e.g., [30]):
Q (s) = Q (0)[(1− rQ ) exp(−βs)+ rQ ], (18)
where Q (s) is a suction dependent parameter (as listed in the
beginning of this sub-section), and Q (0), β and rQ are material
constants. Q (0) is the value of Q (s) at zero suction. For very
large values of matric suction, Q (s) tends toward rQQ (0). Using
the values of Q (s) at zero and very large values of suction, one
can calculate Q (0) and rQ .
It is worth noting that the interested reader can use any
other interpolation function in the literature (e.g., [32]), instead
of that suggested in Eq. (18).
5. The model evaluation
In the following sub-sections, the model is firstly evaluated
against experimental data on dry interfaces. Considering that
the model has been extensively verified for interfaces in dry orTable 2: The physical properties of Minco silt [7].
Mean
diameter,
d50 (mm)
Liquid
Limit,
LL (%)
Plasticity
Index,
PI (%)
Minimum
void ratio,
emin
Specific
gravity of
grains, Gs
Fines
content
(%)
0.04 28 8 0.485 2.68 73
saturated states [15], only a brief evaluation of the model for
such cases is presented here. Thereafter, the interface model
is verified with direct comparison of its predictions with the
results of experiments on interfaces in an unsaturated state. The
physical properties of geomaterials used in interface tests are
reported in Tables 1 and 2.
5.1. The model evaluation versus tests on dry Yongdinghe
sand–steel interfaces
Hu and Pu [6] studied the mechanical behavior of dry
Yongdinghe sand–steel interfaces using direct shear apparatus.
Air-pluviated samples of Yongdinghe sand were prepared
with the initial relative density, Dr ≈ 90%(v ≈ 1.691),
and a rough (Rn = 0.5) thick low-carbon steel plate was
selected to model the structure surface. Normalized roughness
(Rn) is defined by the maximum peak-to-valley distance of
the surface measured in sampling length, L = d50. Uesugi
and Kishida [9] among other researchers were the first who
reported tangible correlations between normalized roughness
andvarious aspects of themechanical behavior of soil–structure
interfaces, such as peak friction and dilatancy angles. The
interfaces were 60 mm in length and 53 mm in width. Due to
the larger dimensions of the steel plate, the area of interfaces
remained constant during shearing. Calibration of the model
parameters for this set of experiments yielded the values
presented in Table 3. Considering that the interfaces are dry, the
model can be operated with a fewer number of parameters. For
three constant normal stress tests, comparisons of the model
predictions with the experimental data of Hu and Pu [6] are
presented in Figure 2. It is observed that the model predictions
for the peak and the post-peak response of all interfaces are
in good agreement with experimental data. In addition, the
state dependent ingredients of the model enable it to provide
reasonable simulations over a full range of strains using a
unique set of parameters. In all simulations, the interface
thickness is assumed to be 5 mm.
5.2. The model evaluation versus interfaces between dry crushed
coarse Ottawa sand and steel plate coated with aluminum oxide
Fakharian [35] studied the mechanical behavior of dry
interfaces forming between coarse crushed Ottawa sand and
a rough surface made of Aluminum Oxide cloth (a type of
sandpaper) pasted on a steel plate. Six tests under constant
values of σnet = 100, 250, and 500 kPa were carried out in
a modified direct shear box on samples in loose and dense
states. It is worth noting that loose and dense sand samples
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Parameter Yongdinghe sand–steel
interface [6]
Ottawa sand–steel plate coated
with Aluminum Oxide [35]
κ 0.031 0.032
αt 31.25 3.75
M 0.610 0.651
Γ 2.033 2.124
ω 0.033 0.161
A0 1.50 4.00
A1 0.40 0.40
h0 0.20 6.90− 3.19v0
m 0.50 0.40
n 2.10 0.79
Figure 2: Comparisons between the model predictions and the results of three
constant normal stress tests on rough Yongdinghe sand–steel interfaces.
Source: Experimental data taken from [6].
were prepared by means of direct raining and multiple sieving
pluviation methods [35,36], respectively. For three tests on
dense interfaces (Dr0 = 80%, v0 = 1.741), and three other
tests on loose interfaces (Dr0 = 25%, v0 = 1.929), the model
predictions are depicted, together with the corresponding
experimental data in Figures 3 and 4, respectively. It is
observed that a well-pronounced peak in strength exists in the
stress–strain behavior of dense interfaces. Moreover, dilatation
is mostly dominant in the volume change response of such
interfaces (see Figure 3). In a different manner, the peak does
not exist and the volume change response is mainly contractive
for initially loose interfaces (see Figure 4). Referring to the
mentioned characters of behavior, the model predictions fit
the data well. Since the initial values of net normal stress
and density of samples cover wide ranges of variation, the
interface model is considered successful in simulation of the
mechanical behavior of interfaces in both dense and loose
states. All simulations are obtained based on a unique set of
model parameters given in Table 3. In addition, the interface
thickness is assumed to be 3 mm in calculations.Figure 3: Comparisons between the model predictions and the results of three
constant normal stress tests on initially dense (Dr0 = 80%, v0 = 1.741) rough
interfaces between dry crushed coarse Ottawa sand and steel plate coated with
Aluminum Oxide.
Source: Experimental data taken from [35].
5.3. The model verification versus tests on unsaturated Minco
silt-steel interfaces
Miller and Hamid [7] developed a modified direct shear
device to investigate the mechanical behavior of unsaturated
interfaces. It is an automated device that uses feedback from
vertical and horizontal load cells and displacement transducers
to provide real-time control of vertical and horizontal loading.
The shear box has a circular cross section and accommodates
a soil sample that is 30 mm thick and 63 mm in diameter.
Porewater pressurewas controlled using a computer controlled
stepper motor pump capable of maintaining pressure with
±1 kPa and detecting volume change ±1 mm3. Air pressure
in the air chamber was controlled using a regulator and
bourdon tube pressure gauge with a resolution of 0.7 kPa.
Identical interface samples were prepared with the initial
specific volume and degree of saturation; v ≈ 1.66 and Sr ≈
0.83, respectively. Then, they were subjected to normal stress
until the values of net normal stresses reached the target values.
Prior to shearing, each sample passed the so-called equalization
phase in which pore air and pore water pressures reached
the desired values. During the equalization phase, the specific
volume of samples changed due to water movement. Using the
experimental data of Miller and Hamid [7], specific volume and
degree of saturation after the equalization phase are estimated
as v ≈ 1.466 and Sr ≈ 0.86. Finally, the samples were
subjected to shear stress. During the shearing phase, the values
of net normal stress and suction were kept unchanged. Miller
and Hamid [7] conducted a series of tests on rough (Rn = 7.6)
and smooth (Rn = 0.05) unsaturatedMinco silt-steel interfaces
under s = 20, 50 and 100 kPa, and σnet = 105, 140 and 210 kPa.
The proposed interface model is calibrated for simulation
of tests reported by Miller and Hamid [7]. Values of the model
A. Lashkari / Scientia Iranica, Transactions A: Civil Engineering 19 (2012) 1147–1156 1153Figure 4: Comparisons between the model predictions and the results of three
constant normal stress tests on initially loose (Dr0 = 25%, v0 = 1.929) rough
interfaces between dry crushed coarse Ottawa sand and steel plate coated with
Aluminum Oxide.
Source: Experimental data taken from [35].
parameters are given in Table 4, and the interface thickness is
taken as 1 mm in all simulations. For a rough interface test,
with σnet = 140 kPa and s = 50 kPa, the model simulations
are compared with the experimental data in Figure 5. For
another rough interface test with the same value of net normal
stress and s = 100 kPa, similar comparisons are presented
in Figure 6. In both cases, reasonable predictions are obtained
from the model. Considering the experimental data presented
in Figures 5 and 6, it is observed that the increase in matric
suction results in an increase in the initial tangent modulus,
peak tangential strength, and dilatancy of rough interfaces,
which all are successfully captured in predictions obtained from
the proposed interface model. In Figure 7, the predictions and
experimental data of two rough samples, with s = 100 kPa,
but different values of net normal stress (σnet = 105 and
210 kPa), are compared. As expected, the increase in net
normal stress leads to a decrease in dilatancy. Interfaces shown
in Figures 5–7 are denser than critical. Hence, we observe
dilation in their overall volume change behavior, and peak
in their tangential strength. For a rough interface looser than
critical, the model predictions are drawn against experiments
in Figure 8. In general, the volume change response of this
interface is contractive and peak does not take place in its
strength response. Also, in this case, the model predictions are
in good agreement with the corresponding data. It is worth
mentioning that all simulations illustrated through Figures 5–8
are calculated by the use of a unique set of parameters.
Themechanical behavior of smooth soil–structure interfaces
is less complicated compared to that of rough interfaces. The
peak point is not observed in the mobilized strength curve of
such interfaces, and, even in a dense state, the tangential stress
versus tangential displacement response of smooth interfaces
is similar to the so-called elastic-perfectly plastic diagram. In
addition, the volume change response of smooth interfaces isTable 4: The model parameters for rough and smooth unsaturated Minco
silt-steel interfaces.
Parameter Rough (Rn = 7.6) Minco
silt-steel interface [7]a
Smooth (Rn = 0.05) Minco
silt-steel interface [7]a
κ 0.10 0.10
αt 2.50 2.50
M 0.609+ 0.0013 s 0.379+ 0.0009 s
µ 0 0
Γ 1.74− 0.87e−0.039 s 1.46− 0.58e−0.070 s
ω 0.165 0.165
A0 0.55 0.25
A1 0.40 0.40
h0 0.20 0.20
m 0.50 0.50
n 2.00 0.00
a In calculation ofM and Γ , smust be in kPa.
Figure 5: The model prediction versus the results of an unsaturated test on a
rough Minco silt-steel interface test in dense state with σnet = 140 kPa, and
s = 50 kPa.
Source: Experimental data taken from [7].
mainly contractive (e.g., [9,14]). Miller and Hamid [7] reported
the results of two interface tests between Minco silt samples
and a smooth steel plate. For a smooth interface test, with
σnet = 105 kPa and s = 20 kPa, the experimental data are
illustrated together with the corresponding model predictions
in Figure 9. Similar comparisons for another smooth interface
test, with σnet = 105 kPa and s = 100 kPa, are depicted in
Figure 10. To highlight the influence of normalized roughness
on the interface behavior, the reader is referred to Figure 7,
where the behavior of a rough interface with the same stress
state (σnet = 105 kPa and s = 100 kPa) is depicted.
Compared to Figure 10, one can conclude that the increase
in normalized roughness leads to an increase in dilation
and residual resistance. Besides, a peak point is observed in
the stress-displacement behavior of the rough sample. It is
observed that in both situations, the model predictions are in
agreement with the experimental data for tests on rough and
smooth interfaces.
1154 A. Lashkari / Scientia Iranica, Transactions A: Civil Engineering 19 (2012) 1147–1156Figure 6: The model prediction versus the results of an unsaturated test on a
rough Minco silt-steel interface test in dense state with σnet = 140 kPa, and
s = 100 kPa.
Source: Experimental data taken from [7].
Figure 7: The model prediction versus the results of two unsaturated tests on
rough Minco silt-steel interface test in dense state with σnet = 105, 210, and
s = 100 kPa.
Source: Experimental data taken from [7].
6. Conclusions
Using the independent stress variables concept for un-
saturated geomaterials, and within the framework of critical
state soil mechanics, an elasto-plastic constitutive model forFigure 8: The model prediction versus the results of an unsaturated test on
a rough Minco silt-steel interface test in loose state with σnet = 105, and
s = 20 kPa.
Source: Experimental data taken from [7].
Figure 9: The model prediction versus the results of an unsaturated test on
a smooth Minco silt-steel interface test in dense state with σnet = 105, and
s = 20 kPa.
Source: Experimental data taken from [7].
frictional soil–structure interfaces was introduced. The model
employs two separate yield mechanisms (functions) for plas-
tic deformations due to shearing, and increase in net nor-
mal stress and/or decrease in matric suction. Moreover, state
A. Lashkari / Scientia Iranica, Transactions A: Civil Engineering 19 (2012) 1147–1156 1155Figure 10: The model prediction versus the results of an unsaturated test on
a smooth Minco silt-steel interface test in dense state with σnet = 105, and
s = 100 kPa.
Source: Experimental data taken from [7].
dependent plastic moduli and dilatancy functions were used
in the model formulation. The model predictions were directly
compared with the experimental data of sixteen tests on dry
andunsaturated interfaces. It has been shown that the proposed
model is capable of predicting the density, net normal stress,
and suction dependent aspects of the mechanical behavior of
interfaces. In all cases, reasonable predictionswere obtainedus-
ing a unique set of parameters.
According to Gens et al. [37], the elasto-plastic models
proposed based on the two independent stress variables can
describe a large number of typical features of the mechanical
behavior of unsaturated geomaterials (e.g.,modeling of collapse
strains, the increase in pre-consolidation stress with suction,
and the increase in shear strength with suction) in a natural
unforced way. On the other hand, such models exhibit
limitations in the proper modeling of hydro-mechanical
coupling. In practice, the two independent stress variables
concept can be applied to many engineering problems,
especially for those inwhich one stress variable is kept constant
(or nearly constant). The latter configuration exists in the used
experimental data on the behavior of unsaturated interfaces.
However, for more complicated stress paths, including hydro-
mechanical coupling, re-establishment of the interface model,
based on the recently proposed effective stress approaches
(e.g., [24,38]) is recommended.
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